The leaf membrane lipids of many plant species, including Arabidopsis thaliana (L.) Heynh., are synthesized by two complementary pathways that are associated with the chloroplast and the endoplasmic reticulum. By screening directly for alterations in lipid acyl-group composition, we have identified several mutants of Arabidopsis that lack the plastid pathway because of a deficiency in activity of the first enzyme in the plastid pathway of glycerolipid synthesis, acyl-ACP:sn-glycerol-3-phosphate acyltransferase (EC 2.3.1.15) (where ACP is acyl carrier protein). The lesion results in an increased synthesis of lipids by the cytoplasmic pathway that largely compensates for the loss of the plastid pathway and provides nearly normal amounts of all the lipids required for chloroplast biogenesis. However, the fatty acid composition of the leaf membrane lipids of the mutants is altered because the acyltransferases associated with the two pathways normally exhibit different substrate specificities. The remarkable flexibility of the system provides an insight into the nature of the regulatory mechanisms that allocate lipids for membrane biogenesis.
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In the present model of glycerolipid metabolism in higher plants ( Fig. 1) , two pathways contribute to the synthesis of chloroplast glycerolipids in leaf cells (1) (2) (3) (4) (5) (6) . The chloroplast is the sole site of de novo fatty acid synthesis (7) and the main products of this process are C16:0-ACP and C18:1-ACP (8) .
These fatty acids either enter the "prokaryotic pathway" of lipid biosynthesis through acylation of GroP within the chloroplast (9) or are exported as CoA thioesters (3, 10) to enter the "eukaryotic pathway" associated with the endoplasmic reticulum (2, 3) . Most of the enzymes of the prokaryotic pathway are located in the inner membrane of the chloroplast envelope where they catalyze the synthesis of acyl2GroPGro, acyl2GroGal, acyl2GroGalGal, and SL (in which acyl2Gro is linked to a pyranose that bears an -SO3 group on carbon 6), the major glycerolipids of the thylakoid membranes (11) (12) (13) (14) . The eukaryotic pathway is responsible for the synthesis of the glycerolipids such as acyl2GroPCho, acyl2GroPEtn, and acyl2GroPlns, which are found primarily in extrachloroplast membranes (4) . In addition, however, acyl2Gro moieties from acyl2GroPCho are transferred from the endoplasmic reticulum to the chloroplast where they are utilized for synthesis of the galactolipids and SL (1, 5, (15) (16) (17) .
In the majority of higher plants acyl2GroPGro is the only product of the prokaryotic pathway, and the remaining chloroplast lipids are synthesized entirely by the eukaryotic pathway (3, 4) . These species are known as "18:3 plants. " However, in a number of species, including Arabidopsis thaliana, both pathways contribute to the synthesis of acyl2GroGal, acyl2GroGalGal, and SL (17 We previously described the isolation of a number of mutants of Arabidopsis with altered fatty acid composition. The mutants were identified by direct analysis of leaf fatty acid composition of individual mutagenized plants by Abbreviations : C,, x, fatty acid (or acyl group) containing n carbons and x double bonds (cis configuration unless indicated otherwise); other abbreviations are defined in the legend to Fig. 1 .
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gas/liquid chromatography. Several of these mutants were characterized as being deficient in specific desaturases (19, 20 Enzyme Assays. Whole-cell extracts were prepared by lysing intact protoplasts in 20 mM Tricine-KOH, pH 8.4/10 mM EDTA. Chloroplast extracts were prepared by isolating intact chloroplasts from protoplasts (24) and then rupturing the chloroplasts in 10 mM Tricine-KOH, pH 7.6/1 mM MgCl2. The chloroplast components then were layered on density step gradients composed of 0.93 and 0.6 M sucrose in 10 mM Tricine'NaOH, pH 7.6/4 mM MgCl2 and were centrifuged for 1 hr in a swinging-bucket rotor at 72,000 x g. The envelopes were collected from the interface of the 0.93 M and 0.6 M sucrose layers. The fraction containing the chloroplast stromal components was recentrifuged at 130,000 x g for 2 hr to remove any remaining membranes and used immediately for enzyme assays. GroP acyltransferase and monoacyl-GroP acyltransferase activities were assayed at 220C essentially as described (9, 25) synthesize acyl-GroP, acyl2GroP, or acyl2GroGal but accumulated label in acyl2GroPGro. The lack of acyl-GroP and acyl2GroP accumulation in the mutant suggested that the mutant was deficient in GroP acyltransferase, the first enzyme of the prokaryotic pathway (Fig. 1) .
RESULTS
On the basis of the chloroplast labeling studies, we assayed the activities of the chloroplast enzymes involved in acyl2GroP synthesis. Because of the presence in crude extracts of both chloroplast and microsomal acyltransferases, we first purified chloroplasts and then assayed stromal extracts and the envelope fraction for activity. Stromal extracts of the mutant exhibited only 3.8% of the wild-type activity of the plastid isozyme of GroP acyltransferase (Table  2 ). Since the chloroplasts were slightly contaminated with protoplasts (1.9% of total cellular phosphoenolpyruvate carboxylase activity was detected in JB25 stromal extract), some of the residual activity in the mutant was due to contamination of the chloroplast fraction by cytoplasmic enzymes. The mutant had wild-type levels of the chloroplast enzymes ribulose-bisphosphate carboxylase and monoacyl-GroP acyltransferase (Table 2) . Therefore, we believe that the acti locus specifically controls the activity of the plastid isozyme of GroP acyltransferase.
Chloroplast GroP acyltransferase can use either acyl-ACP or acyl-CoA for the acylation reaction, but when both are present, ACP thioesters are exclusively used as substrate (9) . Since ACP thioesters are confined to the chloroplasts, it was of interest to determine whether they could be used as acyl donors by the other leaf acyltransferases. Therefore, we assayed crude leaf extracts by measuring the incorporation of
[14C]C18:1-ACP into lipids. Under these conditions, leaf extracts of the mutants JB25 and LK8 exhibited <5% the GroP acyltransferase activity of the wild type ( (Fig. 3) . As we discussed previously (17) , the labeling kinetics for wild-type plants demonstrate the parallel operation ofthe two pathways of lipid synthesis. Flux through the prokaryotic pathway leads to the substantial labeling of acyl2GroGal at early times, whereas the subsequent transfer of 14C from acyl2GroPCho to acyl2GroGal and acyl2GroGalGal occurs via the eukaryotic pathway. In contrast, the mutant contained the label primarily in acyl2GroPCho at short times, whereas acyl2GroGal contained <3% ofthe total radioactivity. During the course of the experiment there was a steady and substantial decline of radioactivity in acyl2GroPCho, which was accompanied by increased labeling of galactolipids and SL, so that by the end of the experiment the distribution of 14C among the various polar lipids was similar to the wild type. These kinetics are consistent with a precursor-product relationship between acyl2GroPCho and the chloroplast glycolipids and indicate that acyl2GroGal in JB25 is made almost entirely by the eukaryotic pathway. In these respects the (3) (4) (5) . The deficiency in the chloroplast acyl-ACP:GroP acyltransferase found in JB25 would be expected to block acyl2GroPGro synthesis by the prokaryotic pathway. However, acyl2GroPGro does become labeled in the mutant, although the extent of '4C incorporation into this lipid is only about half of that found in the wild type (Fig. 3) .
Lipid Composition. In wild-type Arabidopsis the prokaryotic pathway is responsible for producing approximately 70% of the total leaf acyl2GroGal, 12% of the acyl2GroGalGal, 63% of the SL, and 85% of the acyl2GroPGro (17) . The total lipid content of leaves from the mutant was the same as the wild type on both fresh-weight and chlorophyll bases (data not shown). Analyses of several different batches of plants consistently revealed that the mutant had 10-25% less acyl2GroPGro than the wild type. There was also a 9% decrease in acyl2GroGal, a 12% increase in acyl2GroGalGal, a 30% decrease in SL, a 12% increase in acyl2GroPCho, and a 10% increase in acyl2GroPEtn ( Table 3 ). The similar proportions ofeach lipid in the mutant and wild type, together with the data from the labeling experiment (Fig. 3) , indicate that the lack of synthesis of galactolipids and SL by the prokaryotic pathway in the mutant is largely compensated for by increased production of these lipids via the eukaryotic pathway. The differential effect of the mutation on the amounts of the various chloroplast-specific lipids reflects the various degrees to which these lipids are normally produced by the prokaryotic pathway (17) . The increased amounts of acyl2GroPCho and -Etn are consistent with (but not proportional to) the increased flux through the eukaryotic pathway.
To determine whether acyl2GroPGro in the mutant had the characteristic structure of a product of the prokaryotic pathway, the purified lipid was digested with Rhizopus lipase and the fatty acid compositions of the 1-acyl-GroPGro and released fatty acid were determined (17) . This analysis indicated that in the mutant, 75% of the fatty acid at the sn-2 position of acyl2GroPGro was C16. In the wild type the sn-2 position was 83% C16 (17) . By contrast, other polar lipids in the mutant contained >90% C18 fatty acids at sn-2 of the glycerol, indicating that they were produced by the eukaryotic pathway.
The chloroplast-specific acyl group C16:3, which is characteristic ofprokaryotic acyl2GroGal, is virtually absent from the lipids of the mutant and is replaced by C18 acyl groups (primarily C18:3). The 95% reduction in the amount of unsaturated C16 fatty acids in acyl2GroGal is not accompanied by an increase in C16 fatty acids in any other lipid. Thus, the molecules of C16:0 that would normally be utilized by the prokaryotic pathway appear to be elongated and desaturated to C18:1 before being exported from the chloroplast to enter the eukaryotic pathway. The implication is that, in the wild type, the amount of C16:0 exported to the cytoplasm is not simply regulated by the availability of C16:0-ACP.
In a detailed analysis of wild-type Arabidopsis, we showed (17) that for every 1000 fatty acid molecules made in the chloroplast, 615 enter the eukaryotic pathway (117 as C16 and 498 as C18). A similar analysis of the mutant showed that the increase in flux through the eukaryotic pathway (to 950 per 1000) is made up almost entirely of C18 fatty acid chains (126 C16 plus 824 C18). However, the C16/Cj8 ratio in acyl2GroP-Cho, -Etn, and -Ins are the same as in the corresponding lipids of the wild type (Table 3 ). In contrast, the C16/Cj8 ratio in galactolipids and SL of the mutant is in each case less than the ratio calculated for these lipids synthesized by the eukaryotic pathway in wild-type Arabidopsis (table 4 of ref. 17) . Thus, the additional C18 fatty acids entering the eukaryotic pathway in the mutant are found specifically in the additional quantities of chloroplast lipids (galactolipids and SL) that are produced by the eukaryotic pathway in response to the loss of the prokaryotic pathway.
The mutation causes an increase in the amount of C18:1 and a decrease in the amount of C18:3 in all of the extrachloroplast (acyl2GroPCho, -Etn, and -Ins) lipids of the mutant. There was little or no effect on the amount of C18:2 in these lipids (Table 3) . The data indicate a 10-20% reduction in the extent of C18:1 desaturation in these lipids in the mutant relative to the wild type. It seems likely that this is caused by the inability of the endoplasmic reticulum C18.1 desaturase to completely metabolize the increased flux of lipid through the eukaryotic pathway in the mutant.
DISCUSSION
In the mutant line JB25, a single recessive nuclear mutation at the act] locus causes a specific deficiency in the activity ofthe GroP acyltransferase. Three other allelic mutants show all of the changes in fatty acid composition that have been described here for JB25, indicating that all the changes are direct consequences of the deficiency in acyltransferase activity. Analysis of these mutants provides clear evidence that an extensive network of controls exists to regulate leaf lipid metabolism and maintain suitable glycerolipid and fatty acid composition of cellular membranes.
Regulation of Glycerolipid Synthesis. The labeling data (Fig.  3 ) and the lipid analysis ( Synthesis of acyl2GroPGro. Evidence from other studies (13, 28) indicates that isolated chloroplasts are able to synthesize acyl2GroPGro at rates sufficient to meet the requirements for chloroplast membrane biogenesis and that the pathway for synthesis ofthis lipid involves the same pools of acyl-and acyl2GroP used for the synthesis of prokaryotic galactolipids and SL. It is puzzling, therefore, that the mutant contains at least 75% as much acyl2GroPGro as the wild type, even though it exhibits less than 4% of the wild-type level of GroP acyltransferase activity. One possibility is that the amount of acyl2GroP made in the mutant with the residual 4% of chloroplast acyltransferase activity is adequate to meet most of the requirement for acyl2GroPGro synthesis and is utilized preferentially for synthesis of that lipid. A reduction in the size of the acyl-GroP and acyl2GroP pools might explain why these compounds did not accumulate radioactivity during the [14C]GroP labeling of isolated chloroplasts (Fig. 2) . Since only very small amounts of prokaryotic acyl2GroGal are found in the mutant (Table 3) , this explanation would require that acyl2GroPGro synthesis from acyl2GroP be efficiently maintained at the expense of acyl2Gro synthesis.
The other possibility seems to be that an alternative source of acyl2GroP is used for acyl2GroPGro synthesis in the mutants. However, the predominance of C16 fatty acids on the sn-2 position of acyl2GroPGro in the mutant is most consistent with this lipid being derived from the prokaryotic pathway in the chloroplast rather than from any other source.
Evolutionary (18) . Since a single mutation can eliminate the prokaryotic pathway, it seems reasonable to suggest that there must be some physiological advantage associated with the presence of the prokaryotic pathway in certain circumstances. We anticipate that further analysis of the mutants described here will provide useful insights into why 16:3
